The presence of Jupiter is crucial to the architecture of the Solar System and models underline this to be a generic feature of planetary systems. We find the detection of the difference between the position and motion recorded by the contemporary astrometric satellite Gaia and its precursor Hipparcos can be used to discover Jupiter-like planets. We illustrate how observations of the nearby star Indi A giving astrometric and radial velocity data can be used to independently find the orbit of its suspected companion. The radial velocity and astrometric data provide complementary detections which allow for a much stronger solution than either technique would provide individually. We quantify Indi A b as the closest Jupiter-like exoplanet with a mass of 3 M Jup on a slightly eccentric orbit with an orbital period of 45 yr. While other long-period exoplanets have been discovered, Indi A b provides a well constrained mass and along with the well-studied brown dwarf binary in orbit around Indi A means that the system provides a benchmark case for our understanding of the formation of gas giant planets and brown dwarfs.
INTRODUCTION
One of the main goals of exoplanet searches is to understand our Solar System, with inner and outer planets including the benchmark planets: Earth and Jupiter. Although hot Jupiters around Sun-like stars and Earth-mass planets around M-dwarfs have been detected during the last decades (Gillon et al. 2016; Anglada-Escudé et al. 2016 ) few Jupiter-like planets have been detected around Sun-like stars and such detections when they are made have only been possible with a single technique (e.g., Kuzuhara et al. 2013; Wittenmyer et al. 2016) .
Indi A is a good candidate to search for Solar System analogs. Indi A (HIP 108870, HR 8387, HD 209100, GJ 845) is a nearby K2V star (3.62 pc according to van Leeuwen 2007) with a mass of 0.762±0.038 M (Demory et al. 2009 ), and a luminosity of 0.22 L . This star is also accompanied by a binary brown dwarf with a separation of about 1459 au (Scholz et al. 2003) . A clear long-term signal has been established in the radial velocity data by Endl et al. (2002) and Zechmeister et al. (2013) . This signal is much larger than from the relatively distant brown dwarfs and supports the existence of another companion with a period longer than 30 years. The non-detection of this signal in direct imaging by Janson et al. (2009) suggests that the companion inducing the radial velocity signal has a relatively low temperature and a particularly interesting object for follow-up by multiple techniques.
To find small Keplerian signals and to investigate the previously proposed long period companion around Indi A, we analyze the data from Zechmeister et al. (2013) and the recent HARPS data in the ESO archive in the Bayesian framework. With new data and noise modelling techniques there is the potential for detection of weak signals (e.g. Feng et al. 2016; Feng, Tuomi & Jones 2017b) . Using the Agatha software (Feng, Tuomi & Jones 2017a) , we compare noise models to find the so-called Goldilocks model (Feng et al. 2016) . We also calculate the Bayes factor periodograms (BFPs) to test the sensitivity of signals to the choice of noise models. These signals are further diagnosed by calculating the BFPs for various noise proxies and their residuals.
The combination of RV and astrometry has been used to detect and characterize a few short period planets, though no cold Jupiters have been detected in a similar way. Thanks to the two decades of baseline provided by the Hipparcos and Gaia survey (van Leeuwen 2007; Gaia Collaboration et al. 2018; Lindegren et al. 2018) , we now have at least two epochs with well determined positions and proper motions, which are quite sensitive to the stellar reflex motion caused by Jupiter-like planets. Since the barycentric motion of the satellite is modeled in combination with proper motions in the analyses of the raw data (Lindegren et al. 2018) , the astrometric survey data provides the position and velocity of a star at a given epoch viewed from the barycenter of the Solar System. Indi A provides a test case for a nearby object with a significant change in RV and change in position and proper motion between Hipparcos and Gaia over a long time baseline of observations. This paper is structured as follows. First, we introduce the data in section 2. Then we describe the statistical and numerical methods for the analysis of RV data and constrain the long period signal present in the data. In section 4, we concentrate on the HARPS data and constrain the activity signals using posterior samplings. In section 5, we analyze the RV and astrometry data to constrain the mass and orbital parameters of Indi A b. Finally, we discuss and conclude in section 6.
RV DATA AND MODEL
We obtain the HARPS data by processing the spectra in the ESO archive (Programmes 60.A-9036, 072.C-0488, 072.C-0513, 073.C-0784, 074.C-0012, 077.C-0530, 078.C-0833, 079.C-0681, 081.D-0870, 183.C-0972, 087.D-0511, 091.C-0853, 091.C-0844, 094. C-0894, 192.C-0852, 196 .C-1006, 098.C-0446) using the TERRA algorithm (Anglada-Escudé & Butler 2012). The HARPS data also include various noise proxies courtesy of the HARPS pipeline, including Bisector span (BIS) and full width half maximum of spectra lines (FWHM). These are supplemented by TERRA-generated indices including R HK (or CaHK index), intensity of the H-alpha line (H-alpha), indices from sodium lines (NaD1 and NaD2), and the differential RV sets which record wavelength dependent noise (Feng, Tuomi & Jones 2017b) . We only use the 3AP3-2 differential set which is found to be correlated with RVs.
In the left-hand panel of Fig. 1 , we show all the HARPS RVs including high cadence epochs (called "HARPS"; 4198 points). We note that the RVs from JD2455790 to JD2455805 are measured with high cadence, leading to 3636 RVs spread over two weeks. Such high-cadence data were obtained to study high frequency stellar oscillations and most of them are measured with a considerably lower signal to noise ratio than the rest of the data. To remove the stellar and instrumental systematics, we define the HARPSlow data set by excluding high cadence RVs with signal to noise ratio less than 110 (HARPShigh; shown by the grey points in Fig. 1 ). This dataset consists of 518 points. We are aware of the ill-determined offset for post-2015 data (Lo Curto et al. 2015) due to fibre change, which also give relatively high BIS (see the right panel of Fig. 1) . We name the pre-2015 data set as "HARPSpre", and the post-2015 data as "HARPSpost". Thus the HARPS set is a combination of HARPSlow and HARPShigh while the HARPSlow is a combination of HARPSpre and HARPSpost. We will use these sub-sets to test the sensitivity of signals to the choice of datasets 1 in section 4.
An offset parameter is needed to combine HARPSpre and HARPSpost. To avoid potential degeneracy between this offset and Keplerian signals especially with period comparable with the HARPSpost time span, we use HARPSpre to investigate short-period signals. To constrain the long period signal, we use HARPSpre, HARPSpost as well as the CES long camera (LC) and very long camera (VLC) data sets from Zechmeister et al. (2013) . We also use the UVES/VLT RVs which are measured at epochs of 2453272, 2457905, and 2457993 to constrain the trend. The UVES data is shown in Tables C1, C2, and C3. The other data sets are available at http://star.herts.ac.uk/~hraj/HD209100/.
To model the RV variation caused by stellar activity and planetary perturbations, we use a combined moving average (MA) and Keplerian model:v
where {w l } and τ are respectively the amplitude and timescale of the q th order MA model (or MA(q)). The planet-related RV 
variation is
where b is the RV offset and independent offsets are adopted for different instruments. The RV variation caused by planet k is
where m pk is the mass, a k , e k , I k , ω k and ν k are the orbital elements of the k th planet. The true anomaly and eccentricity anomaly are derived from the mean anomaly at the reference epoch for a given time. Independent sets of parameters of the MA model are applied to different data sets. We use a superscript to denote the parameter for a given set. For example, τ HARPSpre is the correlation time scale for the HARPSpre data set.
CONFIRMATION OF A COLD JUPITER
A significant RV trend has been found in the CES and HARPS data sets (Endl et al. 2002; Zechmeister et al. 2013 ), suggesting a long-period planetary companion to Indi A. To constrain this RV trend better by including newer HARPS and UVES data, we analyze the CES LC and VLC data sets in combination with the HARPSpre, HARPSpost, and UVES sets. The LC and VLC data sets are corrected by accounting for the 1.8 m s −1 / yr acceleration caused by the proper motion (so-called "perspective acceleration"). Based on Bayesian model comparison (Feng, Tuomi & Jones 2017a) , we model the trend in the combined data using one Keplerian function, and model the noise in LC, VLC, and UVES using white noise. We use the first and second order moving average models (i.e. MA(1) and MA(2)) respectively to model the noise in HARPSpre and HARPSpost, in the same manner as e.g., Tuomi et al. (2013) ; Feng et al. (2016) . We also vary the offsets between data sets and adopt the prior distributions for all parameters from Feng et al. (2016) . Specifically, we use a one-sided Gaussian prior distribution N (0, 0.2) for eccentricity to account for the eccentricity distributions found in radial velocity planets (Kipping 2013) and in transit systems (Kane et al. 2012; Van Eylen et al. 2019 ). Since there is no universal eccentricity distribution for all types of planets and stars, our use of a semi-Gaussian only captures the broad feature of the real eccentricity distributions. Nevertheless, we will test the sensitivity of our results to eccentricity priors later. We use a log uniform distribution for time scale parameters, and a uniform distribution for other parameters. Based on adapted MCMC samplings (Haario et al. 2006 ), we find a significant signal at a period of 17155 +6940 −4748 d or 47 +19 −13 yr, which is well constrained by MCMC samplings. The one-planet model improves the maximum likelihood by about 10 144 (or BF=10 136 ) compared with the baseline model. It increases the maximum likelihood by about 10 37 (or BF=10 31 ) compared with the baseline model combined with a linear trend, and increase the maximum likelihood by 10 22 (or BF=10 18 ) compared with the baseline combined with a parabola. Hence a linear trend or parabola or a longer period signal is not favored by the data.
Since this trend is not found in noise proxies, it is likely to be caused by a wide-orbit planet with a minimum mass 
HARPSpost UVESRV data. The optimal value is determined at the maximum a posteriori and the uncertainties correspond to the 10 and 90% quantiles of the posterior distributions. This solution for Indi Ab is shown in Fig. 2 . The offset between VLC and LC sets is 4.6±2.8 m/s, which is within the uncertainty of 8 m/s determined from a sample of VLC and LC sets (Zechmeister et al. 2013 ).
The offset between the HARPSpre and HARPSpost set is 12±1.3 m/s, consistent with the offset between pre-and-post fibre exchange for a K2 star given by Lo Curto et al. (2015) . The mass determined in this work is consistent with the range given in Janson et al. (2009) , who adopt a 2.6 m s −1 / yr planet-induced acceleration of Indi A relative to its barycenter (or stellar reflex motion) determined from epochs earlier than JD2455000 (or June, 2009), leading to an estimation of mass limit of 5-20M Jup . On the other hand, Zechmeister et al. (2013) adopt a 2.4 m s −1 / yr slope and find a broad limit of M sin i > 0.97 M Jup and P > 30 yr. With the benefit of the number of years of precise HARPS epochs we are in a position to determine a more modest slope value of 1.8 m s −1 yr −1 for HARPSpre epochs and a negative slope value of -2.9 m s −1 yr −1 for the HARPSpost epochs. Moreover, the combination of UVES and HARPS sets also strongly favor a curvature in the RV variation. The early epochs of UVES overlap with HARPS epochs and thus enable a good offset calibration. The recent epochs of UVES suggest a significant decrease in RV (see Fig. 2 ) as already seen in the HARPSpost set. Thus a Keplerian function is more appropriate than the previously used linear trend to model the RV variation and constrain the signal. Since Indi Ab is on such a very wide orbit and so within the dataset of known planets can not be expected to follow the eccentricity distribution found in relatively short period planets (Kipping 2013; Jurić & Tremaine 2008 ). Hence we test whether the values of orbital parameters are sensitive to the choice of eccentricity prior. We change the standard deviation of the one-sided Gaussian prior from 0.2 to 0.4, and also adopt a uniform eccentricity prior. The orbital parameters for different parameters and the log BF are shown in Table 1 . It is evident that the orbital parameters from different solutions and the offsets as well as jitters are consistent with each other and are thus not sensitive to the choice of eccentricity prior.
DIAGNOSTICS OF SIGNALS USING BAYES FACTOR PERIODOGRAMS
In this section we focus on the constraints provided by the long-term HARPS dataset alone and investigate evidence for other signals within the data sets of HARPS, HARPSlow, and HARPSpre using the Agatha software (Feng, Tuomi & Jones 2017a) , which is essentially a framework of red noise periodograms. By comparison of different noise models in Agatha, we find that a variety of optimal noise models: (1) HARPS -fifth order moving average (or MA(5)) in combination with FWHM and NaD1, (2) HARPSlow -MA(2) combined with BIS and NaD1, (3) HARPSpre -MA(2) combined with S-index and NaD1.
To find primary signals, we calculate the Bayes factor periodogram (BFP) for the MA(1) model in combination with proxies for different data sets, and show them in Fig. 3 . In this figure, the signal around 11 d is significant in the HARPS data set because the high cadence data favors short period signals. There are also strong powers around this signal for the HARPSlow and HARPSpre data sets even though the high cadence and HARPSpost epochs have been excluded. For all data sets, the signal at 18 d is significant although the HARPS data set favors the 11 d signal more. The rather strong and noisy power around 11 d in the left panels are contributed by 11 days of consecutive data which comprise the high cadence RVs.
In particular, the signal at a period of 278 d is significant in the BFPs for MA(1) but become much weaker in the BFPs for MA(1) combined with noise proxies, suggesting an activity origin. The other strong signals in these BFPs are either aliases or harmonics of these three signals, as we will see in the subsequent analysis. Table 1 . Sensitivity of orbital parameters to the choice of eccentricity priors. The optimal value is calculated at the maximum a posteriori (MAP) and the uncertainties correspond to the 10% and 90% qantiles. The ln(BF) of one-planet model with respect to the baseline model is estimated by the Bayesian information criterion (BIC; Schwarz et al. 1978) , and ln(BF)>5 is the signal detection threshold (Feng, Tuomi & Jones 2017a) . Since the HARPSpre data set is more conservative than the HARPShigh and HARPSlow sets due to its sampling and is not subject to the uncertainty in radial velocity offset due to fibre change, we calculate the BFPs for the raw HARPSpre data and the RV residual signals and for various noise proxies, and show these BFPs in Fig. 4 . In panels P1-P14, we observed that the signals at periods of about 11, 18, and 278 d are significant in the data. The 278 d signal is likely caused by activity because its significance is reduced after accounting for the correlation between RVs and noise proxies, as seen in P5-P7. This signal is found to be significant in the BFPs of the NaD1, R HK , NaD2, and Hα indices. In addition, the signal at a period of around 2500 d is also significant in the BFPs of NaD1 (P9), R H K (P13), NaD2 (P17), and BIS (P23 and P24). We interpret this signal as the magnetic cycle and the 278 d signal as a secondary cycle in the magnetic variation. We also observe strong signals around 18 d and its double period 36 d in NaD1, NaD2, R H K , and BIS. Nevertheless, the 18 d signal does not disappear in the BFPs accounting for linear correlations between RVs and NaD1 and R H K . Hence we conclude that this signal is either due to a nonlinear effect of stellar rotation or due to a planet, which has an orbital period similar to rotation period. The signal at about 11 d is found to be unique and significant in the residual of NaD1 after subtraction of the 2500 and 18 d signals. Thus this signal is probably caused by stellar activity or is an alias of activity-induced signals. We also look into the ASAS and Hipparcos photometric data but find few useful epochs and identify no significant signals.
Therefore we conclude that the primary and secondary magnetic cycles of Indi are 2500 and 278 d. The rotation period of Indi is about 36 d, approximately double 18 d. This rotation period is rather different from the 22 d value estimated by Saar & Osten (1997) from Ca II measurements. Considering that the 36 d rotation period is derived from a relatively large dataset of high precision RVs and multiple activity indicators, we believe that 36 d is a more reliable value of rotation period. On the other hand, the half rotation period, 18 d, is more significant than the rotation period in the RV data. This phenomenon is also found in the RVs of other stars (e.g. HD 147379; Feng, Jones & Tuomi 2018), and is probably caused by a spot or spot complexity which more significantly modulates spectral lines over one half of the rotation period. The signal at a period of about 11 d is also related to the stellar rotation since 1/(1/36 + 1/18) ≈ 11. Based on the Bayesian quantification of these signals using the MA(1) model (Tuomi et al. 2013; Feng et al. 2016) , the semi-amplitudes of the signals at periods The non-detection of additional signals puts an upper limit of 1 m/s on the semi-amplitude RV variation induced by potential planets with periods less than the HARPSpre baseline (i.e. P < 4000 days) in the system. Based on the above analysis, different noise proxies are sensitive to different stellar activities. NaD1 and R H K are sensitive to all activity-induced signals while BIS is sensitive to stellar rotation signal. Hα is only sensitive to the secondary magnetic cycle. Considering the differential sensitivity of activity indicators to activity signals, a model including a linear correlation between RVs and these indicators would remove activity-noise as well as introduce extra noise. This is evident from the comparison of P1 with P5 in Fig. 4 . Although the 278 d signal disappears after accounting for the linear correlation with S-index and NaD1, a longer period around 3000 d and some short-period signals become significant (also compare P2 and P6, P3 and P7). Such extra signals are caused by fitting an inappropriate linear function of noise proxies to RVs while these proxies are not perfectly correlated with RVs linearly. Hence these proxies would bring their own signals into the likelihood/posterior distribution, which is a combined function of data and model, in order to mitigate the main activity signals in RVs. While the traditional activity indicators are limited in removing activity-induced signals, differential RVs are better in removing wavelength-dependent signals without introducing extra noise because they provide a simple way to weight spectral orders a posteriori (Feng et al. 2017) . Hence a reliable diagnostics of the nature of signals is to test the sensitivity of signals to different noise models, data chunks, and wavelengths.
Since the activity-induced RV variations are not strictly periodic, Keplerian functions or a Gaussian process model cannot adequately model them. Hence the fit of a one-planet model is appropriate for parameter inference (see section 3).
COMBINED ANALYSIS OF RV AND ASTROMETRY

Combined model of RV and astrometry
In a star-planet or more generally star-companion system, the position of the star in its orbital plane is calculated according to KeplerâȂŹs equation is
where m s and m p are respectively the masses of star and planet, a is the semi-major axis of the planet with respect to the star, E(t) is the eccentricity anomaly, and e is the eccentricity. The corresponding stellar reflex velocity is The third row onward shows BFPs for MA(1) for noise proxies and their residuals. P12 and P16 are respectively the zoom-in versions of P11 and P15 and have a period range of [5, 20] d. For each panel, the Pearson correlation coefficient in the top right corner shows the correlation between noise proxies and RVs which are detrended by a second order polynomial. All panels are denoted by "Pn" with n varying from 1 to 24. The horizontal dotted and dashed lines denote ln BF = 0 and 5, respectively. The BFP for the FWHM is not shown because there is not significant periodicity. The values of ln(BF) are indicated by thresholds 0 and 5 rather than shown by axis labels since different panels have different ranges of ln(BF).
where ν(t) is the true anomaly at time t, G is the gravitational constant. The stellar position r s (t) is converted to the observer frame coordinates, r obs s (t), by applying Euler rotations using r obs
where Ω is the longitude of ascending node, ω is the argument of periastron, I is the inclination of the stellar orbit with respect to the sky plane. The directions of X axis (along North of the sky plane), Y axis (along East of the sky plane), and Z axis (along the line of sight towards the observer) forms a right-handed Cartesian coordinate system in the observer frame. The expansion of equation (5) gives the observed location of star in the XYZ coordinate system,
where A = cos Ω cos ω − sin Ω sin ω cos I 
are the so-called Thiele Innes constants. Hence the variation of right ascension, declination, and parallax caused by a planet at a given time is
The stellar reflex velocity is the time derivative of r obs s (t), which is
The planet-induced RV is 
The stellar motion is the sum of the barycentric motion (denoted by superscript b) and the reflex motion (denoted by superscript p) described by
Note that the distance or the inverse of parallax rather than the parallax is additive. α p (t) is a planet-induced offset in the sky plane and thus should be divided by cos δ(t) to calculate the real change in righ ascension. Assuming zero acceleration, the heliocentric motion of the barycenter of a planetary system is determined by
where v b (t) is the barycentric velocity, and r b (t) is the barycentric position. The linear motion is a good approximation of heliocentric motion of the barycenter over a few decades since the Galactic acceleration for nearby stars is typically less than mm/s/year. Since the RV variation induced by the barycentric motion, v b r (t), is subtracted from the RV data, we only use v p r (t) defined in equation (9) to model the Keplerian signal in RV data. Considering the barycentric RV is used to calculate the astrometry variation caused by the change of perspective, the planet-induced RV variation or gravitational redshift and convection blueshift only contribute as a secondary variation in astrometric data. Thus we approximate the barycentric RV by the Gaia RV if available or the value from the RV data sets we collected, i.e. v b r (t) ≈ v r (t). We also neglect the parallax variation induced by stellar reflex motion and by the RV because they are secondary effects compared with the variation of other observables. For example, the parallax of Indi A is only changed by about 0.3 µas due to the barycentric motion along the line of sight. Thus we only model the astrometry observables α, δ, µ α and µ δ of Hipparcos and Gaia DR2 to constrain the planetary orbit. The procedure of astrometry modeling is as follows.
• Choose the reference time at the Gaia epoch J2015.5 and determine the initial barycentric astrometry according to
where ∆α, ∆δ, ∆µ α , and ∆µ δ are the offsets. These offsets are used to account for the reference frame spin rate (about 0.15 mas/yr according to Lindegren et al. (2018) ), for the zero point offset of parallaxes (about -0.029 mas according to Lindegren et al. (2018) ), and for the proper motion offsets related to light travel time (about 0.6 mas/yr in the case of Indi A; Kervella et al. 2019) , and for other effects.
• Transform initial astrometry and RV into heliocentric state vector [r b (t 0 ), v b (t 0 )], and propagate the vector from t 0 to t to derive[r b (t), v b (t)] according to equation 16, and transform the state vector back to barycentric astrometry at time t. This step is to calculate perspective acceleration.
• Estimate α(t), δ(t), µ α (t), and µ δ (t) by summing the barycentric and reflex astrometry according to equations 12, 13, and 15.
To account for unknown noise in astrometry data, we include a relative jitter in units of observational errors in the likelihood. Thus the likelihood of the combined RV and astrometry model is
where N set , N epoch , and N par are respectively the number of RV data sets, astrometry epochs, and free parameters of the astrometry model. N rv k is the number of RVs in the k th RV set, η ≡ [α, δ, µ α , µ δ ] is the astrometry data, and Σ is the jitter corrected covariance matrix of η, Σ j ≡ Σ 0j (1 + J j ) where Σ 0j is the catalog covariance matrix for the j th astrometry epoch, and J j is the so-called "relative astrometry jitter". These relative jitters allow the model to account for potential underestimation of astrometry errors such as the so-called DOF bug (Lindegren et al. 2018 ) and the effects mentioned in Brandt (2018) . Unlike previous calibrations of the five-parameter solutions of Hipparcos and Gaia DR2 based on statistical analyses (Lindegren et al. 2018; Brandt 2018) , we model the potential underestimation of uncertainties and bias as offsets and astrometric jitters, and estimate them a posteriori rather than a priori by taking advantage of the high precision RV data and a combined modeling of the barycentric and reflex motions of Indi A. The RV modelv r (t i ) is given in Eqn. 1.
Therefore the free parameters in the combined model are {m pk , a k , e k , I k , ω k , Ω k , M 0k } with k ∈ {1, ..., N p } for N p planets or companions, {∆α, ∆δ, ∆µ α , ∆µ δ , J gaia , J hip } for astrometry,{b 1 , ..., b N set } for the offsets and σ 1 , ..., σ N set for the jitters in N set independent RV sets, {w i 1 , ..., w i q } and τ i for the MA(q) model for the i th RV data set. The superscript of a given parameter denotes the name of the corresponding data set. The argument of perihelion and semi-major axis for a planetary orbit with respect to the barycenter are ω p = ω + π and a p = m s /(m p + m s )a while the other angular parameters are the same as for the stellar reflex motion.
The offsets between Gaia and Hipparco catalog data are also used by Calissendorff & Janson (2018) ; Brandt (2018); Kervella et al. (2019) to constrain the dynamic mass of massive companions and to identify potential companion-induced accelerations. In particular, Snellen & Brown (2018) used both the proper motion difference and Hipparcos epoch data to constrain the mass of β Pictoris b. While these studies justify use of astrometry difference between Hipparcos and Gaia DR2 to constrain stellar reflex motion, the constraints are not strong due to a lack of combined modeling of RV and the difference in proper motion as well as in position. In particular, we find that position difference is found to be more sensitive to non-linear stellar motions which appear from orbital integration over decades. The aim of this work is to focus on a target with clear-cut RV and astrometric evidence alongside appropriate treatment of Gaia and Hipparcos catalog data in combination with RV analysis.
Orbital solution
Based on the MCMC sampling of the posterior, we find the best orbital solution and show the fit to RV and astrometry data in Fig. 5. In panel (A) , it is visually apparent that the one-planet model is strongly favored relative to the zero-planet model A and A b . The astrometry parameters are given in Gaia DR2
(6). The planetary parameters, the rotation period and magnetic cycle are determined in this work.
For the parameters determined in this work, the optimal value is estimated at the maximum a posteriori and the uncertainty interval is determined by the 10% and 90% quantiles of the (ln L = 331 or ln BF=311) and that the curvature in the RV data is significant compared with a linear trend (ln L = 51 or ln BF=38). Fig. 5 (B) and (C) indicate that the position puts a stronger constraint on the best fit model of the planetary orbit than the proper motion and comparable to the highest precision RV data. This arises because the position difference serves to integrate the non-linear proper motion over time whereas the proper motion difference is not as sensitive as position data to non-linear motion due to potential bias caused by the assumption of linear motion in the production of catalog data.
Based on the combined analysis, we report the values of the orbital parameters of Indi A b together with the stellar parameters in Table 2 . Note that the stellar mass slightly differs from the value given by Demory et al. (2009) because we determine the mass using the Gaia luminosity and the mass-luminosity relationship derived by Eker et al. (2015) . The posterior distribution of these parameters is shown in Fig. A1 . In particular, we show the posterior distribution of planetary mass and orbital period in Fig. B1 . It is apparent that the planetary mass and orbital period are constrained to a relatively high precision even without RV and astrometry data that cover the whole orbital phase.
Based on the above analysis, Indi Ab is a cold Jovian exoplanet with a very long orbital period among the exoplanets detected through the radial velocity and transit methods. With components A, Ab, Ba and Bb, Indi provides a benchmark system for the formation of gas giants and brown dwarfs. Indi Ab is also a perfect target for direct imaging. The non-detection in previous direct imaging suggests a very low temperature (Janson et al. 2009 ). Based on the new combined constraint in this work, the orbit of Indi A b with respect to Indi A is shown in Fig. 6 . It is apparent that the current separation of the planet from the star is optimal for direct imaging. The separation will increase from 1.1 as in 2020 to 3.3 as in 2030 and thus provides a perfect chance for imaging of a nearby cold Jupiter by JWST (Krist et al. 2007) or WFIRST (Melchior, Spergel Table 2 . Parameters for Indi A and A b are taken from Gaia DR2 (Gaia Collaboration et al. 2018) or determined in this work. Except for rotation period and magnetic cycle for parameters determined in this work, the optimal value is estimated at the maximum a posteriori and the uncertainty interval is determined by the 10% and 90% quantiles of the posterior samples drawn by the MCMC chains.
Parameter
Unit& Lanz 2018). Althoug the separation between Indi Ab and its host star at the epochs of previous direct imaging (Janson et al. 2009 ) is wider than the one in 2020, our new constraint of the orbital parameters and mass of the planet can be used to optimize the observation strategy. Moreover, Indi A b would change its host star's position by about 1 mas during Gaia's five year mission and thus is detectable by Gaia with its ∼20 µas astrometric precision (Perryman et al. 2014) .
Dynamical stability of Indi A b
With one Jovian planet and a binary brown dwarf system, the Indi system provides a benchmark case to test theories on the formation of giant planets and brown dwarfs. The age of the system is about 0.8∼2.0 Gyr based on the estimated literature rotation period of 22 day determined from Ca II measurements. The kinematics of the system show an older age of >9.87 Gyr (Eker et al. 2015) . Our analysis of the HARPSpre data set gives a rotation period of 35.7 d leading to an age of 3.7∼5.7 Gyr based on the rotation-age relationship given by Eker et al. (2015) which is more consistent with the age of 3.7∼4.3 Gyr estimated by Scholz et al. (2003) based on an evolutionary model of the brown dwarf binary Ba and Bb. Thus we conclude that the age of the system is about 4 Gyr. However, stars less massive than the Sun are unlikely to form more than one giant planet according to Kennedy & Kenyon (2008) . To investigate whether B a and B b were captured by Indi A either in or out of its birth environment, we calculate the escape radius derived by based on simulations of perturbations from stellar encounters on wide binaries and an encounter rate of 80 Myr −1 for stellar encounters with periapsis less than 1 pc. The escape radius of Indi A is about 5600 au which is larger than the projected separation (1459 au) between Indi B and A (Scholz et al. 2003 ). However, if Indi A migrated outward to its current location or captured Indi B during its formation, the encounter rate would be much higher and the escaped radius could be within the orbit of Indi B, which may also be much larger than the projected separation due to geometric effects. On the other hand, the brown dwarf binary may have been on a tighter orbit around the primary during the early evolution of the system and have migrated to its current orbit due to perturbations from the Galactic tide and stellar encounters.
Considering these scenarios of dynamical history and that the components of the Indi system are likely to have the same age, we conclude that the system was probably formed together and the brown dwarf binary has migrated from a tighter orbit to its current wide orbit. Such a migration would significantly influence the habitability of the system through periodic perturbations from the binary on any potentially habitable planets in the system. 
MATERIALS AND METHODS
140 Astrometry data and model 141 We find the astrometry data for ε Indi A in the Hipparcos and Gaia DR2 catalogs, including two 142 parameters for proper motion, I J and I d , two parameters for position, F and G, and parallax ϖ, 143 and their errors, q(α), q(δ), q(I J ), and q(I K ) for each catalog. We show the astrometry data in 144 Table S2 . Considering that the astrometric difference in Hipparcos and Gaia DR2 may be caused 145 by systematics and bias which depend on the brightness of star (7), we compare the astrometry for 146 e Indi A (spectral type K5) with that of other stars differing in magnitude from that of ε Indi A 147 within 0.5 mag. Ignoring stars with identified massive companions, we thus select 229 G, K, and 148 M stars differing by less than 0.5 Hipparcos visual magnitude from e Indi A. We use the XHIP 149 catalog (11) to find stellar types and components for Hipparcos stars. We then cross-match 150 Hipparcos and Gaia DR2 catalogs with the following ADQL: 
Comparing Indi A b with known exoplanets
The discovery of the nearby Jupiter analog Indi A b is a milestone for the studies of the formation and evolution of Jupiter analogs. In Fig. 7 , we show the mass and period of Indi A b compared with known exoplanets and the Solar System planets. We see that a few Jupiter-like planets (with 0.5∼5 Jupiter mass) have been detected previously by the RV method though in these cases only provide minimum masses. So far none of them are confirmed or characterized by other methods. Although direct imaging is able to detect super-Jupiters and brown dwarfs around young stars, it is not able to probe the region below 8 Jupiter mass especially for evolved systems where Jupiter-like planets become very faint. Given the limitations of various methods in detecting wide-orbit gas giants, the detection of Indi A b by two methods illustrates how a good constraint (e.g., Fig. B1 ) can be set on a wide-orbit cold gas giant in an unpopulated region of exoplanet phase space by using astrometry and RV together.
activity. In particular, the 2500 and 278 d signals correspond to the magnetic cycles of Indi A while the 35, 18 and 11 d signals are related to the stellar rotation. We find that the correlation between RVs and activity indicators depends on activity time scales. Thus the inclusion of them in the fit would remove activity-induced noise as well as introduce activity-induced signals.
The lack of signals with K > 1 m/s and P < 4000 days suggests a lack of super-Earths or mini-Neptunes in the habitable zone of Indi A which is 0.47 to 0.86 au according to (Kopparapu et al. 2014 ). Hence only Earth-like or smaller planets are allowed in the habitable zone. If these rocky planets are detected, Indi A would be similar to the Solar System, with close-in rocky planets and longer period gas giants. Thus, we also investigate the dynamical stability of this system according to the metrics of the stability of wide binaries under the perturbation of stellar encounters and Galactic tide . We find a considerable possibility that the brown dwarf binary in this system, Indi B a and B b, is unstable if they are on their current wide orbit. Hence the brown dwarf binary may have migrated from a tighter orbit to their current wide orbit, which might significantly influence the habitability of potentially Earth-like planet in the system.
Our successful detection and characterization of Indi A b through combined RV and astrometry analysis provides a benchmark example for the use of the astrometric difference between Gaia and Hipparcos data in characterizing massive planets. We find that the position offsets are more sensitive to nonlinear motion than the proper motion offsets. Although there are only two astrometry epochs, each epoch corresponds to four independent data points. Thus we are able to constrain the orbital parameters that the RV data is not sensitive to. We eagerly anticipate joint application of astrometry and RV methods in exoplanet detection and characterization with the epoch data in future Gaia data releases. Indi A b is optimal for direct imaging with a current spearation from its host of about 1 as. The separation will increase to 3.3 as in the coming decade, making it the nearest Jupiter analog for direct imaging by JWST or WFIRST.
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Manuscript Template Page 9 of 12 Figure B1 . Posterior distribution of the mass and orbital period of Indi A b. The contour is calculated from a subsample drawn by the MCMC chains from the posterior distribution. Three contour levels corresponding to one, two and three sigma levels are shown by black lines. The MAP value (white solid lines) and the 10% and 90% quantiles (white dashed lines) of the orbital period and planetary mass are shown in the histograms of the mass and orbital period. The black cross in the contour denotes the MAP solution. This MAP solution differs from the mean solution because the distributions of the mass and orbital parameters are not Gaussian and are asymmetric. 
